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Empirical relationships for correcting liquefaction resistance of partially 
saturated soil using longitudinal (P-) wave velocity (VP) and shear (S-) wave 
velocity (VS) are developed and evaluated in this thesis.  The relationships are 
based on the laboratory test results for four different types of sands and one silt 
published by other investigators.  The data used to develop the relationship with 
VP exhibit less scatter than the data used to develop the relationship with VP/VS.  
For this reason, the VP based relationship is recommended for correcting 
liquefaction resistance of partially saturated soil.  
Analyzing liquefaction case history data from different earthquake sites in 
the United States, Japan and Taiwan, it is found that the critical layer at about 
80% of the case history sites have average VP equal to or greater than 1,400 m/s. 
Thus, no correction is necessary for soils with VP ≥ 1400 m/s as they are saturated 
for practical purposes. Liquefaction resistances for eight case histories with VP < 
1,200 m/s are corrected and plotted on the VS-based CRR chart by Andrus and 
Stokoe (2000). Significant improvements are observed in the predictions for three 
cases of no liquefaction that plot in the liquefaction predicted region before the 
partial saturation correction. 
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The soil zones below the groundwater table at six geotechnical 
investigation sites in the South Carolina Coastal Plain are characterized using VP 
data obtained from seismic crosshole tests.  Partially saturated soil layers with 
thicknesses of 0.3 to 1.3 m were found immediately below the groundwater table 
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1.1 Overview of Liquefaction Evaluation 
The common approach used throughout the world for evaluating 
liquefaction potential of soil is known as the „simplified procedure‟ originally 
proposed by Seed and Idriss (1971).  As stated by Youd et al. (2001), this 
“simplified procedure involves estimation of the seismic demand on a soil layer, 
expressed in terms of the cyclic stress ratio (CSR) and the capacity of the soil to 
resist liquefaction, expressed in terms of the cyclic resistance ratio (CRR).”  The 
ratio of CRR to CSR is called the factor of safety against liquefaction. Several 
field tests including the standard penetration test (SPT), the cone penetration test 
(CPT), various shear wave velocity (VS) tests, and the Becker penetration test 
(BPT) are often used for liquefaction investigations because of the complexities 
associated with sampling and laboratory testing.  CRR is estimated using field test 




Various correction factors have been proposed to extrapolate the CRR 
curves to conditions that differ from the case history sites.  These factors are 
applied to CRR as follows (modified from Youd et al. 2001): 
CRRcorrected = CRR  Kσ  Kα  KDR KS     (1.1) 
where Kσ is the correction factor for high effective overburden pressure, Kα is the 
correction factor to incorporate the effect of static shear stresses, KDR is the 
correction factor to capture the influence of age, cementation and stress history, 
and KS is the factor to correct for partial saturation.  This research deals with the 
KS correction factor. 
1.2 Partial Saturation Below the Groundwater Table 
The fact that partially saturated soil layers exist below the groundwater 
table has been substantiated by the findings of a number of research over the last 
couple decades (Barrow 1883, Andrus et al. 1992; Kokusho 2000; Fourie et al. 
2001; Ishihara et al. 2001; Holzer and Bennett 2003).  Groundwater fluctuation 
and/or the natural generation of gases in some soil deposits are the causes of such 
unsaturated conditions (Camp et al. 2010).  Andrus et al. (1992) measured VP 
values significantly less than 1,500 m/s (the approximate value for fresh water) in 
a thick (3.7 m) sandy gravel layer below the groundwater table during crosshole 
testing at a site adjacent to Thousand Springs marsh in Idaho.  Similarly low VP 
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values in soil below the groundwater table were measured by Kokusho (2000) 
from PS-logging tests in sandy and gravelly soil in the city of Kobe, Japan, by 
Ishihara et al. (2001) from downhole testing at a site near the mouth of Shinano 
river in the city of Niigata , Japan, and by Holzer and Bennett (2003) from 
seismic refraction surveys and crosshole tests at a site on the flood plain of 
Cholame Creek in California.  Fourie et al. (2001) found tailings sand below the 
phreatic surface at Syncrude‟s tailings settling basin in Northern Alberta, Canada 
to have degrees of saturation less than unity.  Their finding was based on physical 
measurements, collection of gas released during thawing of frozen specimens, 
microscopy, and measurement of B-value in triaxial tests on undisturbed 
specimens.   
1.3 Significance of KS 
Numerous studies have also revealed that partially saturated soil exhibits 
greater resistance to liquefaction than fully saturated soil depending on the degree 
of saturation (Sherif et al. 1977; Yoshimi et al. 1989; Ishihara et al. 1998; Grozic 
et al. 2000; Tsukamoto et al. 2002; Nakazawa et al. 2004; Okamura and Soga 
2006; Okamura et al. 2006; Seid-Karbasi and Byrne 2006; Hatanaka and Masuda 
2008).  The results of these studies provide the basis for the development of KS.  
They have also inspired investigations into the technical feasibility of inducing 
partial saturation in liquefaction susceptible soil by air or gas injection technique 
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to mitigate liquefaction (Yegian et al. 2007, Yasuhara et al. 2008; Camp et al. 
2010).  
Common liquefaction remediation measures include improving site 
condition through densifying, reinforcing/strengthening, or enhancing drainage of 
the liquefiable strata.  Most of these improvement methods are likely to induce 
displacement in the foundation soils and damage to existing structures.  At 
present, different forms of grouting (e.g., compaction, permeation, jet) provide the 
most feasible methods of liquefaction mitigation beneath existing structures as 
they involve low-vibration injection of grout through small diameter drill hole 
solving the problem of access to and displacement of the foundation soils (Andrus 
and Chuang 1995). However, high cost is a major drawback of the grouting 
methods.   
De-saturation of liquefiable soil layer using air injection may provide a 
more economical option of liquefaction mitigation for existing structures with 
very limited access (Camp et al. 2010).  Considering both the facts that 
liquefaction resistance of soil is highly influenced by degree of saturation and de-
saturation of foundation soils can provide a feasible remedy for liquefaction, the 




1.4 Purpose and Organization 
The main purpose of this research is to develop improved empirical 
relationships between KS and VP or VP/VS and to re-evaluate the liquefaction 
resistance of partially saturated soil in field case history data using the better of 
the two relationships. In addition, VP measurements determined by seismic 
crosshole tests at six geotechnical investigation sites in the South Carolina Coastal 
Plain are presented and analyzed to characterize partially saturated zones below 
the groundwater table. 
Chapter 2 presents a review of different methods of estimating the degree 
of saturation of soil both in the laboratory and in the field.  In Chapter 3, the 
empirical relationships between KS and VP or VP/VS are established by compiling 
and re-analyzing laboratory test data from four previous experimental studies.  In 
Chapter 4, CRR values from liquefaction case histories with VP < 1,200 m/s are 
corrected using the newly proposed relationship based on VP.  Chapter 5 presents 
the VP data obtained from seismic crosshole tests conducted at the six sites in the 
South Carolina Coastal Plain to characterize the unsaturated zone, if any, below 
the groundwater table. Chapter 6 summarizes the findings of this research. 
Appendix A presents the KS-VP and KS-VP/VS data compiled from previous 
experimental studies and Appendices B through G present the detailed VP test 








Knowledge of degree of saturation, S, is often needed because this 
characteristic influences such fundamental soil properties as permeability, shear 
strength, and compressibility. S is defined as the ratio of the volume of water to 
the volume of voids in soil and can be expressed in the following form:  
vw VVS          (2.1) 
where Vw = volume of water, and Vv = volume of voids.  
Because S is commonly expressed in percentage, it is often called percentage of 
saturation.   
When all the voids in a soil mass are completely filled with water (S = 1), 
the soil is said to be fully saturated.  In this case, the soil is considered a two 
phase medium having a solid and a liquid phase.  Even the smallest amount of air 
or gas present in soil renders it as unsaturated (or partially saturated). An 
unsaturated soil is commonly defined as having three phases, namely, 1) solids, 2) 
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water, and 3) air.  Saturated and unsaturated soils have basic differences in their 
characteristics and engineering behavior.   
S can be estimated directly by measuring certain physical properties of soil 
or it can be done indirectly by monitoring some other parameters that are proved 
to possess a great sensitivity to saturation condition of soil.  Different methods of 
estimating S along with their advantages and disadvantages are discussed in this 
chapter. 
2.2 Direct Measure 














      (2.2) 
in which Ww = weight of water, γw = unit weight of water, V = total volume, and 









         (2.3) 
where Ws = weight of solids, and Gs = specific gravity of solids. Weight of water 
is determined from the difference between the weight of the sample in its moist 
condition and the weight of the sample at oven dry condition (Ws).  Total volume 
is determined by either measuring the dimensions of samples of simple shapes or 
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by a displacement method.  The equation stated below is often used for checking 
arithmetic. 
wGSe s         (2.4) 
in which e = void ratio defined as the ratio of Vv to Vs in a soil mass, and w = 
water content defined as the ratio of Ww to Ws. 
2.3 Indirect Measures 
Indirect methods of estimating S involve measurements of some other 
parameters which are highly sensitive to the change in S.  Skempton‟s pore water 
pressure coefficient B, commonly known as B-value and compression (P-) wave 
velocity, VP are two such parameters.  Presented in the following paragraphs is a 
detail discussion on the correlations of these parameters with S both from 
theoretical aspect and based on experimental results obtained from numerous 
studies conducted over the past few decades.  
2.3.1 Skempton’s Pore Pressure Coefficient 
Skempton‟s B coefficient is a significant pore-fluid parameter, which is 
defined as the ratio of the induced pore water pressure to the applied total 
confining stress in undrained conditions.  Skempton (1954) demonstrated the 
relationship between B-value and S based on the theory derived and confirmed the 
9 
 
theory using experimental data.  The equation derived by Skempton (1954) 










        (2.5) 
where n = porosity, Cc = compressibility of the soil structure, and Cv = 
compressibility of the pore fluid/air. Assuming the soil grains to be 
incompressible, Equation (2.5) provides B = 1 for fully saturated condition, B = 0 
for completely dry condition, and a value in-between for partially saturated 
condition.  In reality, however, soil grains are not totally incompressible and may 
never reach a value of 1 when fully saturated (Bishop 1976).  Nevertheless, the B-
value is directly related with S and can be easily measured in laboratory triaxial 
tests (Altun and Goktepe 2006). 
The relationship between the B-value and S was also explored by Yoshimi 
et al. (1989) by laboratory experiments on Toyoura sand, a reference sand used in 
Japan.  In that study, fully saturated specimens were prepared with the help of 
CO2 gas and a back pressure of 36 psi (245 kPa).  For partially saturated 
specimens, S was controlled by varying the amount of CO2 gas and no back 
pressure was applied.  Each specimen was consolidated under an isotropic stress 
of 14 psi (98 kPa) prior to the measurement of the B-value.  S was computed from 
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w and the dry density of the specimens.  Plotted data of B-value against S were 
compared to the theoretical relationship proposed by Lade and Hernandez (1977) 
as expressed in form of the following equation: 






     (2.6) 
where Ks = bulk modulus of soil skeleton, Kw = bulk modulus of water, and ua = 
absolute pressure in pore fluid.  
Figure 2.1 presents the experimental data of B-value versus S along with 
the theoretical curve as presented by Yoshimi et al. (1989).  The high sensitivity 
of S to B-value suggested that B-value might be a useful parameter for quantifying 
S of soil greater than 90%.  However, a crucial disadvantage of using B-value as 




Figure 2.1 Relationship between B-value and the degree of saturation as 
presented by Yoshimi et al. (1989). 
 
2.3.2 Compression Wave Velocity  
It has been known that VP is sensitive to even a slight decrease in S of soil 
from its fully saturated state and hence holds the potential to be used as an 
indicator of saturation (Bardet and Sayed 1993; Lee et al. 2010).  A distinct 
advantage of VP is that it can be measured both in laboratory tests as well as in 
field investigations.  Some researchers have attempted to correlate VP directly to 
S, while others have considered B-value as the representative of S and tried to find 
the relation between VP and B-value. A review of these previous studies is 
summarized in this section.  
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Allen et al. (1980) designed a special cylindrical test chamber with the 
objective of evaluating the relationship between pore water pressure, time, S, and 
VP.  The chamber was equipped in such a way that it could measure a transient 
pulse within a given medium, primarily to determine the influence of e and S on 
velocity of wave propagation in two or three-phase media.  Ottawa sand was one 
of the three different types of solid materials tested in the study.  Test materials 
were chosen to produce different e in a state of maximum, or near maximum, 
relative density at both saturated and nearly saturated conditions.  Experimental 
results were compared with two theories, namely, Ishihara‟s poro-elastic theory 
(Ishihara 1970) and the Wood equation (Wood 1941).  Ishihara (1970) defined the 
medium as a deformable poro-elastic medium saturated with compressible fluid. 
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V          (2.9) 
Figure 2.2 presents theoretical curves for VP against S (modified for 
chamber conditions) at different void ratios along with the experimental results by 
Allen et al. (1980).  In each of the first three legends in Figure 2.2, particle size 
(ASTM sieve numbers), material type (Ottawa sand), hydrostatic pressure 
(measured in psi), and void ratio are mentioned in order.  The experimental results 
showed that the Ishihara theory and the Wood equation provided the upper and 
lower bounds, respectively for values of VP in saturated granular media.  It was 
also found that e has the most influence on VP in saturated medium, while in the 




Figure 2.2 Compression wave velocities - degree of saturation - void ratio 







Attempts have also been made to correlate B-value with VP and VS.  
Kokusho (2000) derived the following theoretical formula for imperfectly 
saturated soils based on Biot‟s poro-elasticity theory (Zienkiewicz and Bettess 
1982) and taking into account the decrease in bulk modulus of water due to 

























     (2.10) 
where b  is the Poisson‟s ratio of the soil skeleton. Tsukamoto et al. (2002) 
derived Equation (2.10) in an alternative approach based on Ishihara‟s poro elastic 
theory (Ishihara 1971, 1996). The skeleton Poisson‟s ratio is related to the overall 














        (2.11) 
Equation (2.11) suggests υ = υb when B = 0, and υ = 0.5 when B = 1.  
Ishihara et al. (1998, 2001), Tsukamoto et al. (2002) and Nakazawa et al. 
(2004) conducted similar studies where only VP or both VP and VS measurements 
were conducted through triaxial test specimens with different B-values.  In the 
study by Tsukamoto et al. (2002), the smallest B-value reported was B = 0.05, 
where the corresponding value of S was about 90%.  The largest B-value achieved 
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in the tests was B = 0.95, with S = 100%.  VP and VS measurements on soil 
samples with different relative densities were plotted against B-values.  Figure 2.3 
is an example of such plots displaying the data for Toyoura sand samples with 
relative density Dr = 30%.  In addition to the experimental data points, the values 
of VP computed by Equation (2.10) were superimposed in the figure versus B-
value for various postulated values of the b .   
An alternative display of VS and VP versus B-value plot was also made by 
Tsukamoto et al. (2002) to provide a means of more reasonable comparison with 
theoretically derived curves.  Figure 2.4 is an example of such plots where the 
ratio VP/VS was plotted versus the B-value.  It was seen from these plots that while 
VS remains unchanged with an increase in B-value, VP tends to increase 
significantly with increasing B-value e.g. in this case, it increased from a value of 
about 500 m/s at B = 0 to 1700 m/s at B = 0.95.  The theoretical relation of 
Equation (2.10) assuming an average value of b  = 0.35 showed good agreement 
with the experimental results irrespective of the relative density.  Results of 
similar tests performed under varying confining stresses showed that b  also 
remained the same irrespective of the confining stress at the time of consolidation.  
Shown also in Figure 2.3 is the VP through fresh water of 4,895 ft/s (or  




C).  It is interesting to 
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note that P-wave through fully saturated soils was shown to propagate 10-15% 
faster than that through water.  The reason behind this, as explained by Ishihara 
(1971), is that the stiffness of soils comes into effect to some extent because of 
lateral constraint being imposed on the deformation of the soils during wave 
propagation. 
 




Figure 2.4 Ratio of VP and VS versus B-value as presented by Tsukamoto et al. 
(2002). 
 
Another approach of correlating VP and B-value was made by Yang 
(2002).  Earlier, Yang and Sato (2000) proved the usefulness of VP and Poisson‟s 
ratio to identify partially saturated soil zones in a site where a borehole array had 
been placed to record earthquake ground motions.  For low frequencies of 
engineering interest, assuming the soil grains to be incompressible, Yang (2002) 













V wsP      (2.12) 
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where G is the shear modulus. Combining Equation (2.12) with Equation (2.5) 














V sP       (2.13) 
Shown in Figure 2.5 is a plot of Equation (2.13) for Toyoura sand tested by 
Yoshimi et al. (1989) as presented in Yang (2002).  An increasing trend in VP with 
increasing B-value can be seen from Figure 2.5. 
 
Figure 2.5 Relationship between P-wave velocity and B-value for Toyoura sand 
with Dr = 60%, Ks = 165.8 MPa, and G = 76.5 MPa, as presented by Yang (2002). 
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The advantages of using VP over B-value as an indicating parameter for S, 
according to Ishihara et al. (2004) can be summarized as, (1) VP can be measured 
both in the field and the laboratory while there is no means of monitoring B-value 
and S in the field, (2) VP  measured in-situ is considered to have the equal level of 
credibility to that monitored in the laboratory, and  (3) because the shear stain 
induced by measurements of VP is very small, it does not cause any disturbance to 
the intact soils.  
2.3.3 Other Geophysical Measures 
In groundwater exploration and aquifer characterization, subsurface water 
content of rocks and soils is an important topic of concern.  Therefore, great 
efforts have been devoted for decades to apply geophysical techniques in 
determining water content (Yaramanci et al. 2002). A combination of geophysical 
data with conventional borehole sampling data (i.e., void ratio and specific gravity 
of soil in this case) can significantly improve the estimate of w or S (Hubbard et 
al. 1997).   
Geophysical methods available to approximate in situ w include surface 
nuclear magnetic resonance (Yaramanci et al. 1999, 2002), ground penetrating 
radar (Hanafy and Hagrey 2006), capacitance probe (Robinson and Dean 1993), 
and time-domain reflectometry (Ledieu et al. 1986).  
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As stated by Lange et al. (2007) “surface nuclear magnetic resonance 
(SNMR) utilizes the nuclear property of water.  Because hydrogen nuclei posses a 
magnetic moment (spin), they are aligned with the Earth‟s magnetic field.  They 
are excited with an external magnetic field and the signal response resulting from 
precession of the protons is measured after the external magnetic field is switched 
off.  As the SNMR signal is related to the number of excited hydrogen nuclei 
(protons) and it is used to estimate the w of soil and rock.”  
As stated by Hubbard et al (1997), “ground penetrating radar (GPR) 
system consists of an impulse generator that repeatedly sends a particular voltage 
and frequency pulse to a transmitting antenna.  A signal propagates from the 
transmitting antenna through the ground and is reflected, scattered, and attenuated 
as it contacts subsurface strata with different electrical conductivities and 
dielectric constants. A modified signal is subsequently recorded by the receiving 
antenna.”  The dielectric constants of soil are then estimated from GPR data 
which can be related to hydraulic properties of soil.  Thus, the water content 
distribution of the soil can be determined from the variations of the dielectric 
constant. Similarly, the dielectric permittivity response is used in capacitance 




The degree of precision and accuracy of w estimates varies in different 
geophysical methods. Yaramanci et al. (1999) determined w applying SNMR 
which gave a 5-10% lower value in unsaturated zone and 10-12% lower value 
below the groundwater table, while Czarnomski et al. (2005) used TDR and 
capacitance probe method and found only 3.5% and 4.5% deviations, 















Various methods of estimating degree of saturation of soil were discussed 
in this chapter. The difficulty in achieving a high degree of accuracy during the 
volume measurement is a major drawback associated with the direct method.  For 
indirect methods, a number of factors are considered such as ease of measuring 
the representative parameter both in laboratory and in field conditions, availability 
of theoretical or empirical relationship between that parameter and S, and possible 
disturbance of the intact soil.  Up to now, the compression wave velocity method 
has proved to be the most effective method for both laboratory and field use.  












LIQUEFACTION RESISTANCE CORRECTION FACTOR BASED ON 
COMPRESSION WAVE VELOCITY 
 
3.1 Introduction 
 As discussed in the previous chapter, up to now, P-wave velocity (VP) has 
proved to be the most effective parameter for quantifying saturation state of soil 
that can be monitored both in the laboratory as well as in the field with equal level 
of ease and credibility.  A number of experimental laboratory studies have been 
conducted during the last 12 years to try to establish the relationship between VP 
and liquefaction resistance of soil (Ishihara et al. 1998, 2001, 2004; Tsukamoto et 
al. 2002; Nakazawa et al. 2004).  In some of these studies, the relationship 
between the ratio of VP to small-strain shear wave velocity (VS) and liquefaction 
resistance was also examined.  Liquefaction resistance was defined by the cyclic 
stress ratio inducing a certain amount of axial strain in the soil specimen at a 
specified number of cycles during the constant amplitude cyclic loading test. A 
general limitation of these previous studies is the lack of an explicit mathematical 
model between liquefaction resistance and VP (or VP/VS). 
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In this chapter, two explicit empirical relationships are established based on 
review and reanalysis of previously published laboratory test data. One 
relationship is between the liquefaction resistance correction factor for partial 
saturation (KS) and VP.  The other relationship is between KS and VP/VS.  Brief 
discussions on previously conducted studies from which the experimental data 
have been compiled, methods followed in establishing the two empirical 
relationships, and the basis for recommending the relationship between KS and VP 
to be used for correcting liquefaction resistance of partially saturated soil are 
presented.  
3.2 Database 
Table 3.1 presents a summary of the results from four previous 
experimental studies to evaluate the influence of partial saturation on liquefaction 
resistance. Because liquefaction typically occurs in granular soil, the experimental 
studies were conducted mostly on sandy soils.  The main purpose of these studies 
was to provide a means of accurately evaluating liquefaction resistance of 
imperfectly saturated soil layers located immediately below the groundwater table 
using VP.  
All four studies were conducted using cyclic triaxial test devices modified 
to permit VP and, in some cases, VS measurements.  General test procedures 
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involved (1) permeating water through the specimens and regulating the back 
pressure to attain the desired B-value, (2) isotropically consolidating the 
specimens to the selected effective confining stress, (3) measuring wave velocities 
before cyclic testing, and (4) cyclic triaxial testing to determine the cyclic strength 
of the soil.   
Cyclic triaxial testing was carried out with designated cyclic stress ratio 
σd/(2σo‟) and sinusoidal cycles of 0.1 Hz, where σd is the amplitude of cyclic axial 
stress and σo‟ is the effective confining stress at the time of consolidation. The 
cyclic stresses were applied under undrained condition until the soil specimens 
deformed to the double amplitude (DA) axial strain of 5%.  From plots of cyclic 
stress ratio against number of cycle, the cyclic stress ratio that was required to 
induce 5% DA axial strain in 20 cycles of load application was selected.  The 
cyclic stress ratio defined in this way is sometimes simply referred as the cyclic 
strength.  Because this cyclic strength is considered as the liquefaction resistance 
of soil, it is referred as the cyclic resistance ratio (CRR).  
The cyclic triaxial tests were conducted on reconstituted or undisturbed 
samples. Ishihara et al. (1998) and Tsukamoto et al. (2002) tested specimen of 
reconstituted Toyoura sand, which is a widely used reference sand in Japan. 
While Ishihara et al. (2001) and Nakazawa et al. (2004) tested intact samples 
recovered from four different areas in Japan as noted in Table 3.1. 
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Table 3.1 Description of laboratory samples tested in four previous studies. 













No. of KS 
data points 
VP VP/VS 
Ishihara et al. 
(1998) 
Toyoura sand Reference sand, 
Japan 
Reconstituted 0.8-1.0 NA* NA NA 40 5 0 
60 5 0 
70 5 0 
Ishihara et al. 
(2001) 
Niigata sand Shinano estuary, 
Niigata, Japan 
Undisturbed 0.1-0.97 0.123 NA NA 62 4 4 





NA NA 1.25 0.538 0.28 NA 2 0 
Tsukamoto et 
al. (2002) 
Toyoura sand Reference sand, 
Japan 
Reconstituted 0.05-0.95 0.19 0.988 0.616 40 4 4 
60 4 4 
Nakazawa et 
al. (2004) 
Koshigaya sand Tokyo, Japan Undisturbed 0.2-0.9 0.29 1.131 0.785 70 10 12 
Takenouchi silt Takenouchi, 
Japan 







The results of the laboratory tests are presented in Figure 3.1 and 3.2. 
Values of CRR are normalized to the CRR of fully saturated test specimens, where 
a fully saturated specimen is defined as specimen having a B-value of 0.95 or 
greater.  The ratio of CRR of partially saturated soil to fully saturated soil is 
assumed to be the correction factor KS.  Forty-four data pairs of KS-VP are plotted 
in Figure 3.1.  Plotted in Figure 3.2 are twenty-eight KS-VP/VS data pairs. These 
data points are also tabulated in Appendix A.  The data plotted in Figure 3.1 and 
3.2 exhibit significant trends of increasing KS with decreasing VP or VP/VS. 
3.3 Regression Analysis    
Nonlinear regression analysis was used to fit relationships to the KS-VP 
and KS-VP/VS data pairs.  Presented in Figure 3.1 is the resulting regression line 






S eK , for smVP 400,1    (3.1) 
The coefficient of determination (r
2
) associated with Equation (3.1) is 0.83.  The 
high value of r
2 
indicates that the regression line is a good fit for the experimental 
data.  Equation (3.1) is recommended for VP <1,400 m/s.  For VP ≥ 1,400 m/s, KS 
= 1.00 is recommended based on VP values from field liquefaction sites presented 
in the next chapter.  
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 The 95% confidence interval for Equation (3.1) is also presented in 
Figure 3.1.  The confidence interval was calculated after lineraizing the data using 
natural logarithm and assuming the data points as a random sample from a 
population (Navidi 2006).  
For KS-VP/VS data pairs, the resulting relationship is presented in Figure 
3.2.  The data suggest a constant KS value of 1.0 for VP/VS greater than or equal to 












K  for 0.7SP VV    (3.2) 
The value of r
2
 associated with Equation (3.2) is 0.49 which reflects more scatter 
than the KS-VP data.  Note the asterisks next to the KS-VP and the KS-VP/VS data 
points in Figure 3.1 and 3.2 which indicate these data points were not used in the 
regression analyses. These include one KS-VP data point (818, 1.44), and the 
corresponding KS-VP/VS data point (5.63, 1.44) from Nakazawa et al. (2004) 
which are outliers and influence the regressions unconservatively. The KS-VP data 
points with VP > 1,400 m/s and the KS-VP/VS data points with VP/VS > 7.0 were not 
used because they are beyond the range of VP and VP/VS for which Equation (3.1) 




The denominator in the first term of Equation (3.2) is set to become 
asymptotic at VP/VS = 1.66, the smallest value obtained from the experimental 
results shown in Figure 3.2.  According to the theory of elastic wave propagation, 





















       (3.3)   
Equation (3.3) suggests values of  ranging from 0.215 to 0.497 for the VP/VS 
data plotted in Figure 3.2 which range from 1.66 to 13.3, respectively.   
Equation (3.1) is the recommended relationship for correcting liquefaction 
resistance of partially saturated soils because of the larger r
2
 value associated with 
it.  Based on measurements from field investigations (Andrus and Stokoe 2000), a 
middle range value of VS for liquefaction sites is about 150 m/s.  Considering this 
value of VS and the minimum value of VP/VS of 1.66, the lower limit of VP is 
assumed to be around 200 m/s.  The value of 2.0 in the second term of the 







Figure 3.1 Recommended KS-VP relationship with compiled data and the 95% 





























































Compression Wave Velocity, VP (m/s) 
Ishihara et al. (1998)
Ishihara et al. (2001)
Tsukamoto et al. (2002)
Nakazawa et al. (2004)
44n 
* Not used in regression
*
95 % confidence interval 

















Figure 3.2 Variation of saturation correction factor with VP/VS compared with the 





























































Ratio of Velocities, VP / VS
Tsukamoto et al. (2002)
Nakazawa et al. (2004)























3.4 Comparison with Previously Published Relationships 
The recommended relationship, along with three previously published KS-
VP relationships are plotted in Figure 3.3.  The relationships by Tsukamoto et al. 
(2002) and Nakazawa et al. (2004) were established by visually drawing the best 
fit curves through the respective data. There is good general agreement between 
the three previous relationships and the recommended relationship expressed by 
equation (3.1).  In fact, much of the four relationships plot within the 95% 
confidence interval shown in Figure 3.1.  
The only previous relation explicitly defined by a mathematical model is 
the relationship by Yang et al. (2004) shown in Figure 3.2.  The relationship by 
Yang et al. (2004) is based on the following equation they suggested after 
combining an empirical function between liquefaction strength and B-value, and 
the theoretical relationship between B-value and VP (Equation 2.13).  






     (3.4) 
where (CSR)PS and (CSR)FS are cyclic stress ratio for partially and fully saturated 
conditions, respectively, α is a parameter to be calibrated from triaxial test results, 
and       21312 R .  They applied Equation (3.4) to the test results for 
Toyoura sand by Yoshimi et al (1989), assuming VS of 198.8 m/s based on shear 
modulus (G) equal to 76.5 MPa and a Poisson‟s ratio of 0.3. Note that, 
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(CSR)PS/(CSR)FS is the correction factor KS.  The relationship by Yang et al. 
(2004) is not recommended because it suggests corrections for VP > 1,400 m/s, 
when no corrections should be applied.  In addition, the relationship by Yang et 
al. (2004) appears to be overly conservative for VP < 800 m/s. Equation (3.1) is 
recommended for use when VP < 1,400 m/s because many of the field liquefaction 
case histories are found to have VP equal to or greater than 1400 m/s.  A detailed 









Figure 3.3 Recommended KS-VP relationship compared with the relationships by 






























































Compression Wave Velocity, VP (m/s) 
Ishihara et al. (1998)
Ishihara et al. (2001)
Tsukamoto et al. (2002)
Nakazawa et al. (2004)
Tsukamoto et al. (2002)
Nakazawa et al. (2004)
This study
44n 




Data from four previous experimental studies were compiled and 
reanalyzed in this chapter.  Two explicit relationships were developed for KS-VP 
and KS-VP/VS data pairs from non-linear regression.  The newly developed 
relationships were compared with previously published relationships. All 
relationships are in good general agreement.  The relationship based on KS-VP has 
the higher r
2
 value and is recommended to use in correcting CRR for partially 
saturated soil.  The recommended relationship (Equation 3.1) is applied to several 


















 An explicit empirical relationship between the liquefaction resistance 
correction factor for partial saturation, KS, and the P-wave velocity, VP was 
established in the previous chapter.  It was suggested that the KS correction only 
be applied when VP < 1,400 m/s.  In this chapter, liquefaction case history data 
from Andrus et al. (2003) are reviewed and a compilation of sites with available 
VP values is presented which provides the basis for the VP value of 1,400 m/s.  In 
order to examine the applicability of the KS correction, CSR7.5 values for case 
histories with VP < 1,400 m/s are corrected using the recommended corrective 
relationship and then used to compare predicted liquefaction potential with 






4.2 Cases Histories 
Andrus and Stokoe (2000) and Andrus et al. (2003, 2004) presented 
detailed guidelines for evaluating liquefaction resistance of Holocene soils by 
simplified procedure using small-strain shear wave velocity (VS) measurements.  
In these publications, deterministic and probabilistic liquefaction resistance 
curves were established using 225 case histories from more than 26 earthquakes 
and 70 measurement sites in soil ranging from clean fine sand to sandy gravel 
with cobbles to profiles including silty clay layers.  Nine of these 26 earthquakes 
occurred in the United States.  The other 17 earthquakes occurred in Japan, 
Taiwan and China.  A detailed listing of these field case histories is provided in 
Andrus et al. (2003). 
At the sites compiled by Andrus et al. (2003),  seismic wave velocity 
measurements were conducted in critical soil layers either before or after 
earthquake using different test methods (e.g., crosshole, downhole, seismic cone, 
suspension logger, and SASW).  Critical soil layers (i.e., the layer of soil most 
likely to liquefy) were defined as the layer of non-plastic soil below the 
groundwater table having generally the lower values of stress-corrected shear 
wave velocity (VS1) and penetration resistance, and the greatest cyclic stress ratio 
relative to VS1. 
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Based on a review of the case histories reported in Andrus et al. (2003), VP 
data available for the 40 sites are listed in Table 4.1.  All of these sites involve 
Holocene age (< 10,000 years) soil layers.  Some of the soil layers experienced 
liquefaction in the recent past.  
Presented in Figure 4.1 is a histogram showing the 40 sites grouped by 
average VP.  It is seen in Figure 4.1 that 68% (27/ 40) of the sites have average VP 
greater than 1,400 m/s in the critical layer.  It is also worth noting that 4 of the 6 
sites with VP = 1200 – 1399 m/s have VP that would round up to VP = 1,400 m/s. 
Thus, practically 80% of the sites have VP around 1,400 m/s or greater. This 
finding provide the justification for the assumption made in Chapter 3 that most 
liquefaction and no liquefaction case histories used to develop commonly used 
CRR charts have VP ≥ 1400 m/s. For this reason, no KS correction is 
recommended for VP ≥ 1,400 m/s. 
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Table 4.1 Holocene liquefaction and no liquefaction sites with known VP (adapted from Andrus et al. 2003). 




Depth of critical 
layer (m) 
Average VP (m/s) 
United States 
Coyote Creek, CA Crosshole Yes 3.5-6.0 332 
Salinas River North, CA Crosshole No 9.1-11.4 1520 
Salinas River South, CA Crosshole Yes 6.6-11.9 1470 
Bay Farm Island, Dike, CA Crosshole No 3.6-6.4 1400 
Bay Farm Island, Loop, CA Crosshole Yes 3.5-5.2 1620 
Marina District School, CA Downhole Yes 2.7-4.3 1360 
Port of Oakland, POO7-2, CA Crosshole Yes 5.0-9.0 1580 
Port of Richmond, POR-2, CA Crosshole Yes 4.0-8.0 1580 
TI Fire Station, CA Crosshole Yes 4.5-7.0 1560 
Bay Bridge Toll Plaza, CA Crosshole Yes 5.0-7.5 1540 
Heber Road Channel Fill, CA Crosshole Yes 2.0-4.7 1520 
Heber Road Point Bar, CA Crosshole No 1.8-4.2 1470 
Wildlife, CA Crosshole Yes 2.5-6.8 1470 
Andersen Bar, ID Crosshole Yes 0.8-3.2 1930 
Pence Ranch, ID Crosshole Yes 2.8-3.8 1960 
Japan 
Hanshin Expressway 5, 3 Suspension Logger Yes 2.1-5.3 900 
Hanshin Expressway 5, 10 Suspension Logger Yes 3.5-7.0 1600 
Hanshin Expressway 5, 14 Suspension Logger Yes 4.5-8.6 1680 
Hanshin Expressway 5, 25 Suspension Logger Yes 5.3-11.6 1470 
Hanshin Expressway 5, 29 Suspension Logger Yes 3.0-11.3 1650 
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Table 4.1 Holocene liquefaction and no liquefaction sites with known VP (adapted from Andrus et al. 2003).   
(Continued.) 




Depth of critical 
layer (m) 




Suspension Logger No 4.4-10.5 1540 
Kobe-Nishinomlya 
Expressway, 17 
Suspension Logger No 2.0-4.5 1500 
Kobe-Nishinomlya 
Expressway, 23 
Suspension Logger No 2.9-6.0 985 
Kobe-Nishinomlya 
Expressway, 28 
Suspension Logger No 3.0-6.0 490 
Kushiro Port, No. 2 Suspension Logger Yes 2.7-5.7 1540 
Hakodate Port, No. 1 Suspension logger Yes 2.7-9.7 1390 
Hakodate Port, No. 2 Suspension logger No 2.1-10.3 1390 
Hakodate Port, No. 3 Suspension logger Yes 1.5-13.0 1340 
Owi Island Downhole No 4.5-7.8 1300 
Sunamachi Downhole No 6.2-12.0 1450 
KNK Downhole No 2.0-17.0 1450 
SGK Downhole No 7.0-12.0 1400 
Port Island, 1C Downhole Yes 4.0-16.2 1770 
Port Island, 2C Downhole Yes 5.0-15.5 1700 
Kobe Port, 7C Downhole Yes 7.5-22.5 1710 
LPG Tank Yard, Kobe Downhole Yes 2.0-8.0 400 
Port Island, Downhole Array Downhole Yes 2.4-17.0 850 
Pension House Downhole Yes 1.0-3.5 1520 
Port Island, Common Factory Downhole No 3.2-15 1370 
Taiwan 





Figure 4.1 Histogram of average VP from the critical layer at forty Holocene sites 




































4.3 Case Histories with VP < 1,200 m/s 
Summarized in Table 4.2 is information for the 8 case histories with VP < 
1,200 m/s from 7 sites and 3 earthquakes.  As is noted in Table 4.1, at the Coyote 
Creek site surface manifestations of liquefaction were observed during the 1906 
San Francisco earthquake, but no evidence of liquefaction or ground failure was 
observed during the 1989 Loma Priea earthquake. Surface manifestations were 
observed at 4 of the other 6 sites.  CSR7.5 values are corrected using the KS-VP 
relationship established in Chapter 3.  Sites with VP = 1,200 – 1400 m/s were not 
considered because the KS correction is small in this range.  
The VS-based CRR chart for magnitude 7.5 earthquakes and uncemented 
soils of Holocene age presented by Andrus and Stokoe (2000) is presented in   
Figure 4.2.  The three curves in Figure 4.2 represent the values of CSR separating 
liquefaction and non-liquefaction occurrences for a given VS1.  While these curves 
correctly predicted moderate to high liquefaction potential for over 95% of the 
liquefaction case histories, a lack of good distinction between liquefaction and 
non-liquefaction cases was observed.  As discussed in Andrus and Stokoe (2004), 
possible reason for the incorrect predictions of liquefaction for a number of non-
liquefaction cases may be attributed to two factors, namely, no occurrence of 
surface manifestation due to the existence of thick capping layer, and differing 
soil physical behavior.  As the current study suggests, existence of partially 
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saturated soil below the groundwater table might be another factor causing this 
variance. 
Uncorrected and corrected CSR7.5 values for the 8 case histories with VP < 
1,200 m/s are plotted in Figure 4.2.  As indicated in the figure, data points for the 
5 liquefaction case histories remains in the liquefaction zone after applying KS 
correction.  The data point for the Coyote Creek site corresponding to the 1989 
Loma Prieta, California earthquake correctly moves from the liquefaction region 
to the no liquefaction region after KS correction.  The other two no liquefaction 
case histories that plotted in the liquefaction predicted region show significant 
improvements as they move closer toward the liquefaction boundary. 
The 1989 non-liquefaction behavior observed along the Coyote Creek was 
assessed by Egan et al. (1992) using cone penetration (CPT) data converted to 
standard penetration (SPT) blowcounts and the simplified procedure by Seed and 
Idriss (1982) and Seed et al. (1985).  The groundwater table was also monitored 
throughout about a year at the site which demonstrated that the groundwater table 
was at depths of 11 to 13 ft (3.3 to 4 m) during the 1906 Loma Prieta earthquake 
which was lower than the estimated depth of 7.9 ft (2.4 m) at the time of the 1906 
San Francisco earthquake.  Egan et al. (1992) estimated marginal liquefaction 
potential at Coyote Creek in 1989 based on the CPT measurements, which agrees 
with VS-based prediction before the KS correction.  Three possible reasons were 
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suggested by Egan et al. (1992) for the absence of any observed liquefaction, 
namely, 1) moderate ground shaking amplitude, 2) relatively short duration of 
strong ground shaking, and 3) lower groundwater levels.  As illustrated in Figure 
4.2 (small square symbol corresponding to VS1 = 170 m/s and CSR = 0.04), the KS 
correction provides a fourth possible explanation for the non-observance of 
liquefaction at this site during the 1906 Loma Prieta earthquake. 
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Table 4.2 Liquefaction evaluation information of Holocene sites with VP < 1,200 m/s in the critical layer (adapted from 
Andrus et al. 2003). 






















1906 San Francisco, California Earthquake (Mw = 7.7) 
Coyote Creek Crosshole Yes 3.5-6.0 <5 174 330 0.32 2.72 0.12 
January 16, 1986 Taiwan Earthquake, Event LSST 4 (Mw = 6.6) 
Lotung LSST Crosshole Yes 3.6-6.9 50 173 1080 0.25 1.05 0.24 
1989 Loma Prieta, California Earthquake (Mw = 7.0) 
Coyote Creek Crosshole No 3.5-6.0 <5 170* 330 0.10* 2.72 0.04* 
1995 Hyogoken-Nanbu, Japan Earthquake (Mw = 6.9) 
Hanshin 
Expressway 5, 3 
Suspension 
Logger 










No 3.0-6.0 2 173 490 0.48 1.52 0.31 
LPG Tank Yard, 
Kobe 
Downhole Yes 2.0-8.0 10 129 400 0.37 1.22 0.19 
Port Island, 
Downhole Array 
Downhole Yes 2.4-17.0 10 183 850 0.36 1.12 0.32 
 




Figure 4.2 CRR chart based on VS1 by Andrus and Stokoe (2000) with 
uncorrected CSR (smaller symbols) and saturation corrected CSR (larger symbols) 


















































Field Performance      
Number is fines content (%); 
smaller and larger symbols 
















The VS-based case history data compiled by Andrus et al. (2003) were 
reviewed for available VP measurements.  It was found that values of VP were 
available for 40 of the 70 sites.  Nearly 80% of the 40 sites exhibited average VP 
equal to or greater than 1,400 m/s in the critical layers below the groundwater 
table.  Case history data for the seven sites with VP < 1,200 m/s were plotted on 
the VS-based CRR chart by Andrus and Stokoe (2000).  The KS correction was 
significant for all seven sites, and provided a new explanation for the no 
liquefaction observation at the Coyote Creek site during the 1989 Loma Prieta, 













COMPRESSION WAVE VELOCITY MEASUREMENTS AT SIX SITES 
IN THE SOUTH CAROLINA COASTAL PLAIN 
 
5.1 Introduction 
Significant liquefaction-induced ground deformation occurred in the South 
Carolina Coastal Plain during the 1886 Charleston earthquake (Dutton 1886). 
This chapter presents field VP measurement data from seismic crosshole tests 
conducted at three paleoliquefaction sites (i.e., Hollywood Ditch, Sampit, and 
Four Hole Swamp) and three no-liquefaction sites (i.e., Walterboro Rest Area, 
Hobcaw Borrow Pit, and Clemson Research and Education Center) in the South 
Carolina Coastal Plain.   Locations of the six sites are shown in Figure 5.1.  A 
summary of the geologic ages of surficial beach sand deposits at each site 
according to the geological map by McCarten et al. (1984) is presented in Table 
5.1.  One objective of the VP measurements is to characterize the unsaturated 
zone, if any, below the groundwater table at these six beach sand sites.  
Crosshole tests were conducted at the three paleoliquefaction sites using 
two different types of seismic wave source, a solenoid hammer source and a 
dynamic portable cone source, as a part of the current study.  Also as part of the 
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current study, crosshole tests were conducted at two of the three no-liquefaction 
sites, the Waterboro Rest Area site and the Hobcaw Borrow Pit site using the 
dynamic cone source.  Crosshole tests were conducted previously at the three no-
liquefaction sites using the solenoid hammer source (Hayati 2009; Geiger 2010).  
After making some small corrections, the VP data from the studies conducted 
previously are also presented in this chapter along with the new test data.  
 
Table 5.1 Summary of the six test sites (adapted from Andrus et al. 2008). 
Site Approximate age of surficial 
beach sand deposit (years) 
Paleoliquefaction 
1. Hollywood Ditch 200,000 
2. Sampit 450,000 
3. Four Hole Swamp 1,000,000 
No liquefaction 
4. Walterboro Rest Area 1,000,000 
5. Hobcaw Borrow Pit 200,000 







Figure 5.1 Geologic map of the South Carolina Coastal Plain by McCarten et al. 
(1984) showing the locations of the six test sites (adapted from Andrus et al. 









5.2 Test Methods 
5.2.1 Equipment and Test Set Up 
At each test site, 60-mm inside diameter inclinometer casings were 
installed and grouted into three boreholes designated as B1, B2, and B3.  The 
inclinometer casings have four grooves on the inside which were used as tracks 
for spring-loaded wheel assemblies for orienting the solenoid hammer source and 
the receivers.  The four grooves are spaced evenly at 90° intervals.  The casings 
were inserted into the boreholes in such a way that it placed one set of grooves 
aligned to the direction of boreholes.  A piezometer standpipe was also installed 
into the ground by auguring near the boreholes to record the depth of groundwater 
table at the time of VP testing. 
The solenoid hammer source contained three electromechanical hammers 
that hit in the up, down, and horizontal directions, and one accelerometer for 
determining the time of the wave leaving the source.  A photograph of crosshole 
testing equipment, including the solenoid hammer source and the receivers 
manufactured by Olsen Instruments is presented in Figure 5.2.   
The other source used is the dynamic portable cone penetrometer specified 
in ASTM SPT 399. Figure 5.3 presents a diagram of the dynamic cone 
penetrometer which uses a 15-lb (6.8 kg) steel ring weight falling 20 in. (0.5 m) 
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on an E-rod slide drive.  The tip is a 1.5 in. (38 mm) diameter 45 degree cone.  A 
photograph of the dynamic cone penetrometer source used in the crosshole test is 
showed in Figure 5.4.   
Each of the two receivers contained three velocity transducers (or 
geophones) in the radial, vertical, and transverse directions.  During testing, the 
receivers were inserted into two adjacent casings at the same depth with the 
solenoid hammer source in the other casing or the dynamic cone source driven 
into the ground. Orientation of the solenoid hammer source and two receivers in 
three boreholes are illustrated by a diagram in Figure 5.5.   
A dynamic signal analyzer manufactured by Agilent Technologies shown 
in Figure 5.6 was used to record the signals.  In case of testing with the solenoid 
hammer source, the source and the two receivers were connected to the analyzer 
for both direct and interval measurements.  During testing with the dynamic cone 








Figure 5.2 Photograph of crosshole testing equipment including the solenoid 




Figure 5.3 Diagram of the dynamic portable penetrometer (Sowers and Hedges 
1966). 










Figure 5.4 Photograph of the dynamic portable cone penetrometer. 
 
Figure 5.5 Schematic diagram of seismic crosshole test using the solenoid 









Figure 5.6 Agilent Technologies dynamic signal analyzer used for recording and 
analyzing crosshole measurements. 
 
 















General procedures outlined in ASTM D 4428 (ASTM 2004) were 
followed to perform the crosshole tests.  During testing with the solenoid hammer 
source, the source was connected to the signal analyzer via the control box shown 
in Figure 5.7.  The control box had a switch for selecting the solenoid that would 
hit and another switch for initiating the hit.  Both of the receivers were connected 
to the analyzer directly with the cables.  The air bladders attached to the receivers 
were connected to the pressure apparatus. 
 For testing with the solenoid hammer source, the source and the receiver 
probes were lowered into the casings down to the test depth.  The horizontal 
source was directed towards the receivers for optimal VP measurements.  To keep 
the source and the receivers firmly held against the casing wall, the air bladders 
attached to the receiver probes and the piston part of the source were pressurized 
using a bicycle pump.  The pressure was controlled through the pressure 
manifold.  The trigger signal from the source accelerometer and the signals 
received by the geophones were recorded by the signal analyzer.  The procedure 
was repeated at each test depth.  Testing with solenoid hammer source was 
conducted at depth intervals of 2 ft (0.6 m) with a maximum depth of 36 ft (11 
m).  Often multiple hits were conducted to ensure the best possible record. 
58 
 
For testing with the dynamic cone source, the cone was driven into the 
ground 6-10 ft (2-3m) away from and in alignment with the boreholes to the 
selected test depth.  To create seismic wave, either the top of the cone rod was hit 
manually with a hammer or the steel ring weight was lifted and let fall freely to 
hit the anvil.  The falling steel ring weight seemed to generate better signals than a 
hand-held hammer hitting the top of the cone rod.  Two receivers at the same 
depth with the cone tip were used to record the true interval wave forms.  Tests 
were carried out at depth intervals of 1 or 2 ft (0.3 m or 0.6 m) up to a maximum 
depth of 18 ft (5.5 m).  The recording and analysis procedures were the same as 
used in testing with the solenoid hammer source.  
5.2.3 Inclination Survey 
The distance between casings was measured at the ground surface.  Below 
the ground surface, an inclination survey was conducted to determine the 
deviation of casings from the vertical position.  The inclination surveys were 
conducted at each site following the general procedures outlined in ASTM 
D4428-D4428M.  A Slope Indicator system manufactured by Durham Geo Slope 
Indicator (DGSI) was used for the survey.  The apparatus consisted of an 




The A0A180 direction was considered along the borehole alignment, and 
the B0B180 at 90° with the borehole alignment.  The inclinometer probe was 
lowered to the bottom of the casing keeping the upper wheels in the A0 groove, 
and readings of A0 and B0 were taken at 2 ft (0.6 m) depth intervals with the data 
collection device.  A180 and B180 readings were obtained repeating the procedure 
keeping the upper wheels of inclinometer probe in A180 groove.  The algebraic 
sum of A0 and A180 gives the combined A reading at any depth.   
The readings obtained from the data collection device are in specific 
„reading units‟ which must be converted to lateral displacement values. The 
following equation is provided by DGSI to convert the readings into 
displacements for every 2 ft (0.6 m) depth interval. 
Displacement (in.) = 24 (Current combined reading - initial combined 
reading) / (2 × 20000)        (5.1) 
Displacements in both A and B directions were estimated for each borehole 
casing.  Because the lateral displacements in the B direction were not significant 
in velocity calculations, only the A direction data were used for correcting the 
distances between casings.  Plots of the displacements of each borehole casing at 




Figure 5.8 Digitilt Slope Inclinometer system manufactured by DGSI as 











5.2.4 Crosshole Data Reduction 
In testing with the solenoid hammer source, the three borehole 
arrangement provided direct and interval measurements.  Interval measurements 
are generally preferred because the effects of grouting and soil disturbance cancel 
out in the calculations.  Both direct and interval measurements are useful for 
identifying refracted waves.  In testing with the dynamic cone source, both of the 
measurements were interval measurements as the source was positioned at some 
distance from the boreholes and no trigger accelerometer was attached.  So, in the 
case of testing with the solenoid hammer source, one trigger and two receiver 
signals were obtained for determining VP values, while in the case of testing with 
the dynamic cone source, two receiver signals were obtained.  
Back in the laboratory, the trigger and receiver signals were recalled using 
the dynamic signal analyzer.  The trigger or first arrival points of waves were 
carefully identified.  The first major up or down in the record were considered as 
the arrival points. The records were classified as excellent, very good, good, fair, 
and poor depending on the relative amount of noise in the signal and the level of 
ease in picking the arrival points.  Poor records were not used in to calculate 
velocities.  Sample records obtained during testing with each type of source are 







Figure 5.9 Sample P-wave records with the solenoid hammer source: (a) trigger 
accelerometer signal, (b) first receiver signal, and (c) second receiver signal. The 
rectangular markers and the X and Y values above each record show the arrival 
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Figure 5.10 Sample P-wave records with the dynamic cone source: (a) first 
receiver signal, and (b) second receiver signal. The rectangular markers and the X 
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5.3 Results  
The results of VP measurements from crosshole tests at the six sites are 
tabulated in Appendices B through G.  For each site, VP values plotted against 
depth are presented in Figures 5.12 through 5.17.  The groundwater table depths 
measured at the sites at the time of testing are also shown in the figures.  
Although the quality of records from the dynamic cone source testing was much 
better than those from the solenoid hammer source, both provided similar VP 
values.  VP values measured above the groundwater table were in the range of 
600-1,900 ft/s (180-680 m/s) at six sites. In fully saturated soils, VP values were 
close to VP of water (i.e., around 4,900 ft/s or 1,500 m/s) and sometimes greater 
than that.  The maximum computed VP estimated was around 6650 ft/s (2,000 
m/s).  In soil layers immediately below the groundwater table at four of the six 
sites, VP values were less than 1,500 m/s. 
Often the receiver signals from the imperfectly saturated soil layers 
located immediately below the groundwater table were difficult to interpret.  The 
poor records just below the groundwater table might be because of the refracted 
P-waves propagating through the fully saturated soil layer below and arriving at 
similar times as the direct P-waves. Figure 5.11 presents the possible equal time 
travel paths for direct and refracted waves and the corresponding configurations 




Figure 5.11 Possible equal travel time paths for direct and refracted waves, and the corresponding configurations of 
apparent direct and interval velocities near vicinity of the groundwater table in soil deposits, where V1 = VP of soil 
structure, and V2 = VP of water or about 1500 m/s (adapted from Stokoe and Hoar 1978). 
a. Direct wave arrives before refracted waves at both receivers boreholes
b. Direct and refracted waves arrive at borehole R2 at the same time
c. Refracted wave arrives before direct wave at borehole R2
d. Direct and refracted waves arrive at borehole R1at the same time
e. Direct wave arrives before direct wave at borehole R1
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Figure 5.12 presents the VP profile for the Hollywood Ditch site. The 
groundwater table measured in the piezometer standpipe was at a depth of 6.5 ft 
(2 m) at the time of testing.  The VP value of 4,112 ft/s (1,253 m/s) at a depth of 8 
ft (2.4 m) indicates partial saturation below the groundwater table and may be a 
refracted wave.  Based on Figure 5.12, partially saturated soil exists from between 
depths of 6.5 and 9 ft (2 and 2.8 m).  
The VP profile for the Sampit site is presented in Figure 5.13. The 
groundwater table measured in the piezometer standpipe was at a depth of 6.2 ft 
(1.9 m).  The VP value of 2892 ft/s (881 m/s) at a depth of 6 ft (1.8 m) suggests 
partial saturation and/or a refracted wave.  The velocity profile suggests that 
partially saturated soil exists between depths of 6.2 and 8 ft (1.9 and 2.4 m).  
Figure 5.14 presents the VP profile for the Four Hole Swamp site.  The 
groundwater table depth measured in the piezometer standpipe was at a depth of 
7.25 ft (2.2 m) at the time of testing.  At this site, partially saturated soil zone 
below the water table was only about 1 ft (0.3 ft) thick. 
The VP profile for the Walterboro Rest Area site is presented in Figure 
5.15.  The groundwater table measured in the piezometer standpipe was at depths 
of 5.7 and 7.4 ft (1.7 and 2.3 m) at the time of testing with the solenoid hammer 
and the dynamic cone source, respectively. The VP values of 1,045 – 3,878 ft/s 
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(319 – 1182 m/s) based on both near and far interval measurements between 7.4 
and 9 ft (2.3 and 2.7 m) provide strong evidence of a partially saturated zone 
below the groundwater table and effect of refraction increasing with depth.  
Figure 5.16 presents the VP profile for the Hobcaw Borrow Pit site.  At 
this site, crosshole tests were conducted in November 2008 and June 2010.  The 
November 2008 direct measurements (diamond symbols) suggest a 1 to 3 ft (0.3 
to 0.9 m) thick unsaturated zone below the measured groundwater table at a depth 
of 6.7 ft (2 m).  The June 2010 interval measurements (circle and square symbols) 
suggest refraction of P-waves for measurements at 8 and 9 ft (2.4 and 2.7 m), and 
no unsaturated zone below the measured groundwater table at a depth of 9.3 ft 
(2.8 m).  
The VP profile of the Clemson Research and Education Center site is 
presented in Figure 5.17.  The groundwater table at the time of testing was 
measured at a depth of 3.3 ft (1 m).  At this site, no VP data are available at 0 to 5 
ft (0 to 1.5 m) below the groundwater table to characterize the saturation 
condition.  An attempt was made to conduct crosshole tests using the dynamic 
cone source in June 2010, but electrical problems with the equipment prevented 




There are three sources of uncertainty in the VP measurements presented in 
Figures 5.12 to 5.17 − (1) uncertainty in picking the wave arrival times, (2) round-
off error in the wave travel distances between casings, and (3) uncertainty in the 
trigger calibration correction for the direct travel time measurements.  In picking 
the wave arrival times, the average uncertainty associated with excellent, very 
good, good, and fair data are about ± 2%, ± 4%, ± 6% and ± 8%, respectively.  In 
the determination of the wave travel distances, the estimated round-off error is ± 
1%.  In the trigger calibration correction for the direct travel time measurements, 
the estimated uncertainty is ± 3%. Combining these values, the approximate 
uncertainty associated with the interval VP or the direct VP measurements 
corresponding to excellent, very good, good, and fair data are ± 3 or 6%, ± 5 or 






Figure 5.12 Compression wave velocity profile for the Hollywood Ditch site. 
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Figure 5.14 Compression wave velocity profile for the Four Hole Swamp site. 
 
Figure 5.15 Compression wave velocity profile for the Walterboro Rest Area site 
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Figure 5.16 Compression wave velocity profile for the Hobcaw Borrow Pit site. 
Solenoid hammer source test data were adapted from Geiger (2010). 
 
Figure 5.17 Compression wave velocity profile for the Clemson Research and 
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In this Chapter, P-wave velocity data obtained from crosshole tests 
conducted at six different geotechnical investigation sites in the South Carolina 
Coastal Plain were presented in profiles with depth.  These VP profiles were 
analyzed to identify the saturation condition of soil below the groundwater table.  
At four of the six test sites, it was evident from the profiles that the soil was not 
completely saturated just below the groundwater table.  Partially saturated soil 
layers below the groundwater table with thicknesses of 1 to 4 ft (0.3 to 1.3 m) 
were found at these sites.  This finding further substantiated the fact that 













SUMMARY AND CONCLUSIONS 
 
This research focused on establishing improved empirical relationships 
between liquefaction resistance of partially saturated soil and stress wave velocity 
(i.e., VP, VS) using data from four previous laboratory experimental studies.  
Ratios of the CRR of partially saturated soil to the CRR of fully saturated soil, 
called the correction factor KS, were plotted against corresponding values of VP 
and VP/VS.  Using non-linear regression two explicit empirical relationships for 
KS-VP and KS-VP/VS data pairs were established.  Both relationships were in good 
general agreement with previously published relationships. The KS-VP relationship 
was recommended for correcting CRR of partially saturated soil due to the much 
higher value of r
2
 associated with the regression 
Liquefaction case history data from 70 sites and more than 26 earthquakes 
compiled by Andrus et al. (2003) were reviewed for available VP values.  Forty of 
the 70 sites were found to have available VP data.  Average values of VP in 
potentially liquefiable soil layers were equal to or greater than 1,400 m/s at about 




For eight case histories with VP < 1,200 m/s, the uncorrected CSR7.5 and KS 
corrected CSR7.5 values were plotted on the VS-based CRR chart developed by 
Andrus and Stokoe (2000).  All eight case histories, five liquefaction and three no 
liquefaction, plotted within the region of predicted liquefaction. The three no 
liquefaction case histories that plotted within the region of predicted liquefaction 
are called false positives.  Significant improvements in the predictions of the three 
no liquefaction data points were observed after the KS correction.  In particular, 
the data point representing the Coyote Creek site, where liquefaction did not 
occur during the 1989 Loma Prieta, California earthquake, was correctly predicted 
to not liquefy when the KS correction was applied.  Although the KS corrections 
were significant for the five liquefaction cases, all five data points remained in the 
region of predicted liquefaction after the KS correction.  Thus, the KS correction 
explains one false positive case in the Andrus and Stokoe (2000) database, but 
does not result in any false negative cases. 
The results of VP crosshole tests conducted at six geotechnical 
investigation sites in the South Carolina Coastal Plain were also presented.  The 
VP profiles for each site were analyzed in order to characterize the unsaturated 
zone, if any, below the groundwater table.  Unsaturated soil layers with 
thicknesses of 0.3 to 1.3 m were found to exist below the groundwater table at 
four of the six sites.   
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Finally, it is estimated that the KS correction will have a significant 
influence on the estimated liquefaction resistance of soil about 20% of the times 
based on the field case histories. Natural generation of gases from organic 
remains in marsh deposits is one likely cause of partially saturated soils below the 
groundwater table. Fluctuating water table is another likely cause of partial 
saturation. Thus, measurements of VP are suggested at sites where marsh deposits 
are found below or inter-bedded within liquefiable materials and where significant 
fluctuations of the groundwater table occur.  The KS correction removes some 
over-conservatism and adds more accuracy to the estimation of liquefaction 





































Table A.1 KS-VP data from four previous experimental studies. 
Study Vp KS VP KS 
Ishihara et al. (1998) 380 2.34 635 1.34 
398 1.88 950 1.15 
403 2.26 965 1.13 
423 2.16 1117 1.18 
443 1.79 1571 1.00 
462 1.71 1597 1.00 
484 1.49 1668 1.00 
602 1.35   
Ishihara et al. (2001) 404 1.82 741 1.19 
446 1.50 1663 1.00 
488 1.44 1862 1.00 
641 1.21   
Tsukamoto et al. (2002) 407 2.00 547 1.14 
466 1.56 548 1.19 
467 1.94 1704 1.00 
467 1.71 1704 1.00 
Nakazawa et al. (2004) 372 1.95 818 1.44 
413 1.97 1197 1.00 
467 1.65 1389 1.00 
601 1.24 1548 1.00 
610 1.44 1618 1.00 
684 1.13 1696 1.00 




Table A.2 KS-VP/VS data from four previous experimental studies. 
Study Vp/VS KS Vp/VS KS 
Ishihara et al. (2001) 2.16 1.82 3.87 1.19 
2.56 1.44 8.92 1.00 
Tsukamoto et al. (2002) 1.66 1.93 2.23 1.13 
1.77 1.99 2.37 1.19 
1.91 1.56 6.83 1.00 
2.03 1.70 7.30 1.00 
Nakazawa et al. (2004) 2.16 1.95 5.63 1.44 
2.48 1.97 8.53 1.00 
2.95 1.65 10.07 1.00 
3.05 1.43 10.76 1.00 
4.23 1.15 11.18 1.00 
4.35 1.24 11.57 1.00 
4.53 1.13 12.08 1.00 



















SUMMARY OF COMPRESSION WAVE VELOCITY AND BOREHOLE 











Table B.1 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-3 and receiver in B-2 at the Hollywood Ditch 




















2 9.00 12.391 12.212 G 737 
4 8.97 8.789 8.610 F 1042 
6 8.94 No or poor record 
8 8.91 No or poor record 
10 8.89 No or poor record 
12 8.86 1.862 1.683 VG 5269 
14 8.84 1.892 1.713 VG 5163 
16 8.82 1.862 1.683 F 5242 
18 8.79 1.953 1.774 G 4958 
20 8.78 1.770 1.591 VG 5518 
22 8.77 1.831 1.652 G 5310 
24 8.77 1.739 1.560 VG 5621 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.0879 ms for travel time 
through grout. 
c






Table B.2 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-3 and second receiver in 

















2 9.37 10.620 G 883 
4 9.34 8.118 G 1151 
6 9.32 13.244 G 703 
8 9.29 2.259 F 4112 
10 9.26 1.922 E 4818 
12 9.24 1.861 E 4964 
14 9.22 1.831 E 5035 
16 9.19 1.801 E 5106 
 
a
 Corrected for inclination. 
b














B1 - Disp. (in.)
-10010
B2 - Disp. (in.)
-10010


















SUMMARY OF COMPRESSION WAVE VELOCITY AND BOREHOLE 
TILTING DATA FROM THE SAMPIT SITE
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Table C.1 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-1 and receiver in B-2 at the Sampit site. 




















2 8.54 No or poor record 
4 8.54 No or poor record 
6 8.54 No or poor record 
8 8.53 No or poor record 
10 8.53 No or poor record 
12 8.51 No or poor record 
14 8.50 No or poor record 
16 8.49 No or poor record 
18 8.49 No or poor record 
20 8.50 No or poor record 
22 8.50 No or poor record 
24 8.50 1.770 1.481 G 5743 
26 8.51 No or poor record 
28 8.52 No or poor record 
30 8.54 1.801 1.512 F 5649 
32 8.56 1.770 1.481 F 5780 
34 8.57 1.709 1.420 F 6037 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.1977 ms for travel time 
through grout. 
c




Table C.2 Interval measurements of P-wave velocity in crosshole testing using 
solenoid source with first receiver in B-2 and second receiver in B-3 at 

















2 8.97 No or poor data 
4 8.97 No or poor data 
6 8.97 No or poor data 
8 8.97 No or poor data 
10 8.97 No or poor data 
12 8.96 No or poor data 
14 8.96 No or poor data 
16 8.94 No or poor data 
18 8.93 No or poor data 
20 8.92 No or poor data 
22 8.91 No or poor data 
24 8.89 1.892 F 4700 
26 8.88 No or poor data 
28 8.87 No or poor data 
30 8.85 1.861 F 4754 
32 8.83 No or poor data 
34 8.82 No or poor data 
 
a
 Corrected for inclination.  
b






Table C.3 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-1 and second receiver in 
















2 8.91 9.216 VG 967 
4 8.92 10.132 VG 880 
6 8.92 3.082 E 2892 
8 8.91 1.770 E 5033 
9 8.90 1.557 E 5717 
10 8.90 1.617 E 5504 
11 8.90 1.617 E 5504 
12 8.89 1.633 E 5442 
13 8.90 1.648 E 5400 
14 8.87 1.602 E 5539 
15 8.90 1.633 E 5450 
16 8.87 1.587 E 5586 
17 8.90 1.602 E 5556 
18 8.87 1.541 E 5755 
 
a
 Corrected for inclination. 
b





















B1 - Disp. (in.)
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Table D.1 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-3 and receiver in B-2 at the Four Hole Swamp 





















2 8.88 No or poor record 
4 8.92 No or poor record 
6 8.96 6.23 6.13 F 1460 
8 8.97 12.88 12.79 F 701 
10 8.98 1.68 1.59 VG 5658 
12 8.98 1.68 1.59 VG 5660 
14 8.99 1.65 1.56 VG 5778 
16 9.00 1.74 1.65 VG 5462 
18 9.01 1.43 1.34 G 6708 
20 9.02 1.46 1.37 VG 6567 
22 9.03 1.47 1.37 VG 6573 
24 9.04 1.47 1.37 VG 6581 
 
a
 Corrected for inclination. No grout correction was made because of very soft 
grout. 
b
 Correction of -0.0915 ms as calibration factor. 
c








Table D.2 Interval measurements of P-wave velocity in crosshole testing using 
solenoid source with first receiver in B-2 and second receiver in B-1 at 


















2 9.21 No or poor record 
4 9.19 No or poor record  
6 9.18 No or poor record 
8 9.17 No or poor record 
10 9.15 1.83 G 4996 
12 9.12 1.80 VG 5069 
14 9.09 1.71 F 5320 
16 9.05 1.74 VG 5204 
18 9.02  No or poor record 
20 8.98 1.47 F 6130 
22 8.95 1.43 G 6240 
24 8.92 1.43 G 6219 
 
a
 Corrected for inclination.  
b









Table D.3 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-1 and second receiver in 

















2 9.21 No or poor record 
4 9.19 No or poor record 
5 9.18 4.883 G 1881 
6 9.18 4.944 VG 1856 
7 9.17 4.975 G 1843 
8 9.17 1.709 VG 5363 
9 9.16 1.770 E 5173 
10 9.15 1.800 E 5081 
11 9.14 1.815 E 5032 
12 9.12 1.739 E 5245 
13 9.11 1.678 E 5428 
14 9.09 1.678 E 5417 
15 9.07 1.587 E 5718 
16 9.05 No or poor record 
 
a
 Corrected for inclination. 
b








Table D.4 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-3 and second receiver in 

















2 9.11 5.738 G 1588 
4 9.15 5.920 G 1546 
5 9.17 No or poor record  
6 9.19 7.202 G 1275 
7 9.19 8.178 G 1124 
8 9.20 1.953 G 4711 
9 9.20 1.831 E 5026 
10 9.21 1.800 E 5114 
11 9.21 1.804 E 5106 
12 9.21 1.740 E 5296 
13 9.22 1.739 E 5300 
14 9.22 1.709 E 5396 
15 9.22 1.587 E 5812 
16 9.23 1.587 E 5814 
 
a
 Corrected for inclination. 
b
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Table E.1 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-1 and receiver in B-2 at the Walterboro Rest Area 






















1 8.44 No or poor record 
3 8.43 9.522 9.392 G 898 
5 8.43 8.423 8.293 G 1016 
7 8.42 No or poor record 
9 8.42 No or poor record 
11 8.43 1.693 1.563 G 5393 
13 8.44 1.724 1.594 G 5293 
15 8.45 1.693 1.563 G 5405 
17 8.46 1.693 1.563 G 5414 
19 8.47 1.709 1.579 G 5366 
21 8.48 1.785 1.655 G 5124 
23 8.49 1.740 1.609 G 5274 
25 8.49 1.709 1.579 VG 5381 
27 8.51 1.739 1.609 G 5288 
29 8.52 1.770 1.640 G 5194 
31 8.52 1.740 1.609 VG 5297 
33 8.53 1.709 1.578 VG 5402 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.0389 ms for travel time 
through grout. 
c




Table E.2 Interval measurements of P-wave velocity in crosshole testing using 
solenoid source with first receiver in B-2 and second receiver in B-3 at 
the Walterboro Rest Area site adapted from Geiger (2010). 

















1 9.02 No or poor record 
3 9.01 No or poor record 
5 9.00 No or poor record 
7 8.99 No or poor record 
9 8.99 No or poor record 
11 8.99 No or poor record 
13 8.99 No or poor record 
15 8.97 1.725 F 5203 
17 8.95 No or poor record 
19 8.93 No or poor record 
21 8.91 No or poor record 
23 8.90 1.701 F 5231 
25 8.89 No or poor record 
27 8.87 1.729 F 5127 
29 8.85 1.816 G 4874 
31 8.83 1.831 F 4821 
33 8.80 No or poor record 
 
a
 Corrected for inclination.  
b





Table E.3 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-3 and receiver in B-2 at the Walterboro Rest Area 






















9 8.62  
13 8.61 1.72 1.59 G 5402 
17 8.57 1.69 1.56 G 5484 
21 8.54 1.72 1.59 VG 5356 
25 8.51  
29 8.47 1.72 1.59 VG 5317 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.0389 ms for travel time 
through grout. 
c









Table E.4 Interval measurements of P-wave velocity in crosshole testing using 
solenoid source with first receiver in B-2 and second receiver in B-1 at 
the Walterboro Rest Area site adapted from Geiger (2010). 

















1 8.80 No or poor record 
3 8.81 No or poor record 
15 8.84 1.632 F 5415 
23 8.85 1.694 F 5227 
25 8.87 No or poor record 
27 8.89 1.725 G 5155 
 
a
 Corrected for inclination.  
b









Table E.5 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-1 and second receiver in 

















2 8.81 7.141 E 1234 
4 8.81 7.385 E 1192 
6 8.80 7.446 E 1182 
8 8.80 2.441 G 3605 
9 8.80 2.380 G 3697 
10 8.80 1.770 E 4973 
11 8.80 1.709 E 5152 
12 8.81 1.709 E 5154 
13 8.81 1.648 E 5347 
14 8.82 1.709 E 5160 
15 8.82 1.678 E 5257 
16 8.83 1.648 E 5357 
17 8.84 1.663 E 5314 
18 8.84 1.618 E 5466 
 
a
 Corrected for inclination. 
b








Table E.6 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-2 and second receiver in 

















2 9.01 7.568 VG 1191 
4 9.00 7.874 E 1143 
6 8.99 No or poor record 
8 8.99 8.606 G 1045 
9 8.99 2.319 F 3878 
10 8.99 1.831 E 4911 
11 8.99 1.709 E 5260 
12 8.99 1.709 E 5260 
13 8.99 1.648 E 5453 
14 8.98 1.709 E 5254 
15 8.97 1.709 E 5252 
16 8.96 1.648 E 5439 
17 8.95 1.618 E 5533 
18 8.94 1.602 E 5580 
 
a
 Corrected for inclination. 
b
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Table F.1 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-1 and receiver in B-2 at the Hobcaw Borrow Pit 






















2 9.55 10.254 10.1236 F 943 
4 9.54 16.113 15.9826 F 597 
6 9.53 11.352 11.2216 F 850 
8 9.52 9.948 9.8176 F 969 
10 9.51 2.075 1.9446 F 4889 
12 9.50 2.106 1.9756 G 4810 
14 9.50 1.953 1.8226 F 5215 
16 9.50 2.075 1.9446 F 4886 
18 9.48 2.044 1.9136 G 4955 
20 9.45 1.983 1.8526 G 5103 
22 9.42 2.045 1.9146 F 4918 
24 9.38 2.075 1.9446 F 4822 
26 9.34 2.075 1.9446 F 4803 
28 9.30 2.075 1.9446 F 4781 
30 9.25 2.136 2.0056 G 4613 
32 9.21 2.045 1.9146 G 4809 
34 9.17 2.014 1.8836 G 4868 
36 9.14 1.892 1.7616 G 5187 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.0389 ms for travel time 
through grout. 
c




Table F.2 Interval measurements of P-wave velocity in crosshole testing using 
solenoid source with first receiver in B-2 and second receiver in B-3 at 
the Hobcaw Borrow Pit site adapted from Geiger (2010). 

















2 9.75 9.643 F 1011 
4 9.77 15.259 G 640 
6 9.80 10.681 F 917 
8 9.82 No or poor record 
10 9.85 No or poor record 
12 9.87 No or poor record 
14 9.89 1.967 G 5027 
16 9.90 1.906 F 5195 
18 9.92 No or poor record 
20 9.94 1.967 F 5054 
22 9.97 1.906 F 5230 
24 10.00 No or poor record 
26 10.02 No or poor record 
28 10.05 No or poor record 
30 10.07 No or poor record 
32 10.10 No or poor record 
34 10.13 No or poor record 
36 10.16 No or poor record 
 
a
 Corrected for inclination.  
b





Table F.3 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-3 and receiver in B-2 at the Hobcaw Borrow Pit 






















4 9.40 No or poor record 
12 9.50 No or poor record 
16 9.53 No or poor record 
26 9.65 No or poor record 
36 9.78 1.923 1.793 G 5457 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.0389 ms for travel time 
through grout. 
c











Table F.4 Interval measurements of P-wave velocity in crosshole testing using 
solenoid source with first receiver in B-2 and second receiver in B-1 at 
the Hobcaw Borrow Pit site adapted from Geiger (2010). 
















4 9.92 No or poor record 
12 9.88 No or poor record 
16 9.88 No or poor record 
26 9.72 No or poor record 
36 9.51 2.136 F 4454 
 
a
 Corrected for inclination. 
b









Table F.5 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-3 and receiver in B-1 at the Hobcaw Borrow Pit 






















4 19.32 26.855 26.725 G 723 
12 19.38 4.059 3.929 G 4932 
16 19.40 No or poor record 
26 19.36 No or poor record 
36 19.30 4.059 3.929 F 4912 
 
a
 Corrected for inclination and thickness of grout. 
b
 Correction of -0.0915 ms as calibration factor and -0.0389 ms for travel time 
through grout. 
c








Table F.6 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-1 and second receiver in 

















2 9.93 7.629 E 1301 
4 9.92 7.812 E 1270 
6 9.91 7.934 E 1249 
8 9.89 3.723 VG 2657 
9 9.89 3.235 G 3056 
10 9.88 1.892 E 5222 
11 9.88 1.831 E 5395 
12 9.88 1.770 E 5581 
13 9.88 1.770 E 5582 
14 9.88 1.740 E 5678 
15 9.88 1.709 E 5779 
16 9.88 1.709 E 5779 
17 9.87 1.709 E 5774 
18 9.86 1.709 E 5768 
 
a
 Corrected for inclination. 
b








Table F.7 Interval measurements of P-wave velocity in crosshole testing using 
dynamic cone source with first receiver in B-2 and second receiver in 

















2 9.75 7.873 E 1239 
4 9.77 7.935 VG 1232 
6 9.80 7.995 G 1225 
8 9.82 11.289 G 870 
9 9.84 1.953 G 5038 
10 9.85 1.892 E 5206 
11 9.86 1.892 E 5212 
12 9.87 1.892 E 5218 
13 9.88 1.892 E 5221 
14 9.89 1.831 E 5399 
15 9.90 1.892 E 5230 
16 9.90 1.831 E 5407 
17 9.91 1.831 E 5412 
18 9.92 1.831 E 5416 
 
a
 Corrected for inclination. 
b
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Table G.1 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-1 and receiver in B-2 at CREC site adapted from 





















2 9.97 12.33 12.24 F to P 815 
8 10.01 2.01 1.92 F 5218 
10 10.02 1.98 1.89 F 5306 
12 10.03 1.95 1.86 F 5397 
16 10.07 2.08 1.99 F 5064 
26 10.19 No or poor record 
28 10.24 No or poor record 
30 10.26 No or poor record 
31 10.28 No or poor record 
32 10.32 No or poor record 
34 9.97 No or poor record 
 
a
 Corrected for inclination.  
b
 Correction of -0.0915 ms as calibration factor. 
c









Table G.2 Direct measurements of P-wave velocity in crosshole testing with 
solenoid source in B-3 and receiver in B-2 at CREC site adapted from 





















10 10.45 2.05 1.96 F 5336 
12 10.44 1.98 1.89 F 5528 
16 10.39 2.11 2.02 F to p 5147 
24 10.27  No or poor record 
34 10.14 2.01 1.92 F to P 5064 
 
a
 Corrected for inclination.  
b
 Correction of -0.0915 ms as calibration factor. 
c
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